The Water Framework Directive 2000/60/EC [1] has been in force in the EU since 2000. Its main aim is to ensure the protection of waters and help them to obtain the socalled "good" status until 2015. Accomplishing these tasks requires identifying the threat and evaluating its influence on the environment. When necessary, it also means undertaking some remedy procedures to achieve the environmental aims in the assumed range and time concerning the "good" chemical status of waters.
Although various control technologies have been applied in many industrial sources, the total quantity of the agents released to the environment remains overwhelming.
The copper ions (Cu(II)) are a hazardous pollutant of water and wastewater. The main copper sources are drainage, metallurgical and plating activities, Cu-based pesticides, agricultural practices, domestic waste, and antifouling paints. They have contributed to the progressive increase in the Cu concentration in the environment. The Cu toxicity is lower than the toxicity of other heavy metals (Cd) and metalloids (As). Unfortunately, at higher concentrations it becomes toxic and can lead to vomiting, diarrhoea, stomach cramps, and nausea. Therefore, it must be removed from wastewater. Moreover, the water quality standards for drinking water, surface water, and sewage introduced into water or to the soil, set by the Polish Ministry of Health and Ministry of the Environment [2] [3] [4] , are restrictive and state that the concentrations of the Cu(II) ions should be lower than 2.0 mg·L -1 , 0.05 mg·L -1 , and 0.5 mg·L -1 , respectively. The adsorption of heavy metal ions by various minerals (clay minerals, bentonites, zeolites, iron hydroxide) [5] [6] [7] [8] [9] [10] and organogenic matter (peat, lignite) [11] [12] [13] is one of the efficient methods helping to remove these agents from wastewater.
Due to their physicochemical properties (high surface area, porosity, and cation exchange capacity), sorption affinity for inorganic and organic ions, low cost and ease of regeneration and recycling, zeolites are the most promising material for the removal of heavy metal ions from water and wastewater with sorption methods.
Zeolites make a well-defined group of minerals. They are generally regarded as hydrated silicates of aluminium, alkaline metals, and alkaline earth. They demonstrate a characteristic molecular ratio Al 2 O 3 :(Na 2 , K 2 , Ca, Sr, Ba)O, which is always equal to unity and the ratio is O:(Al+Si)=2.
The tetrahedron is the primary building block of the zeolite framework. Its center is occupied by a silicon or aluminum atom, with four atoms of oxygen at the vertices. The substitution of Si 4+ by Al 3+ defines the negative charge of the framework, which is compensated by the monovalent or divalent cations located together with water. The aluminosilicate framework is the most conserved and stable component and defines the structure type. Water molecules can be present in the voids of large cavities and bound between the framework and exchangeable ions via aqueous bridges. Water can also serve as a bridge between the exchangeable cations.
Natural zeolites exist mainly as hydrothermal forms. The most common one is clinoptilolite. Its chemical formula is (K 2 Na 2 Ca) 2 [14, 15] . Zeolites can also be obtained with the synthesis methods, such as using fly ash from coal combustion. The synthesis of zeolites from fly ash and their application in water and wastewater treatment is particularly important for the rational use of natural resources. It can also be a very cost-effective method to use fly ash.
The removal of metal ions with natural and synthetic zeolites from wastewater has been reported [16] [17] [18] [19] [20] . The obtained results show that zeolites can be used to remove Cu ions from wastewater and the sorption capacities of synthetic zeolites were about 10 times greater than for natural ones. However, in spite of the promising results, using these sorbents under real conditions is still quite unknown [20] . Moreover, there is no research into the binding mechanism of the sorbed Cu(II) ions and their ability to release, which is essential when the utilization mode of the used material is defined.
Our paper presents the sorption of Cu(II) ions from aqueous solutions with natural (clinoptilolite) and synthetic zeolites (Na-X and Na-P1) obtained from fly ash.
The aims of the study were to:
Investigate the capacity of the synthetic fly-ash zeolites for removing the Cu(II) ions from wastewater (ii)
Compare the sorption capacities of the synthetic and natural zeolites for Cu(II) and the removal effectiveness of the Cu(II) ions in the presence of both zeolite groups (iii) Study the effect of the initial Cu(II) concentration, pH in initial solution, anion type, and zeolite dose (iv) Determine the ability to release the bonding ions (v) Estimate parameters in the sorption isotherm and determine the sorption mechanisms
Materials and Methods

Materials
The following minerals were used in the laboratory experiment: -Natural zeolite -clinoptilolite from Ukraine, acquired from the Sokyrnytsya deposit (Transcarpathian Region, Ukraine) -Monomineral zeolite structures (Na-X and Na-P1), synthesized through the hydrothermal alkaline conversion of the class F fly ash from the Kozienice power station. The synthetic zeolites were obtained under the following reaction conditions: -Na-X: 20 g of fly ash, 0.5 L of NaOH at the concentration of 3 mol·L The natural zeolite was used in its natural form (predominant exchange cations: Na, Ca, and K) and the synthetic zeolites as generated ones (Na-form).
Methods
Natural and synthetic zeolites were characterized with the following parameters: morphology, mineral, and chemical composition, specific surface area, porosity, cation exchange capacity, and pH.
The morphological forms of the main zeolite components were determined with the FEI Quanta 250 FEG scanning electron microscope (SEM).
The mineral composition was determined with the powder X-ray diffraction (XRD) method. The following apparatus was used: Philips X'Pert APD diffractometer (with a PW 3020 goniometer), Cu lamp, and graphite monochromator. The analysis was performed within the angle range of 5-65 2theta. Philips X'Pert Highscore software was used to process the diffraction data. The identification of the mineral phases was based on the PDF-2 release 2010 database, formalized by the ICDD.
The chemical compositions of the zeolite samples were determined with an XRF PRIMUS II RIGAKU spectrometer. The 20% addition of the potato starch under the 20-ton pressure was applied.
The specific surface area (S BET ) of the zeolite materials was determined with the N 2 low-temperature adsorption/ desorption method, based on the Braunauer-Emmett-Teller (BET) theory of multilayer adsorption (at p/p 0 = 0.06-0.3). Measurements were made with the ASAP 2020 Micromeritics. Total pore volumes were estimated from single-point adsorption at a relative pressure of 0.98.
The mercury intrusion tests were performed for pressures (0.1-200 MPa) with the Carlo Erba 2000 pore-size mercury intrusion porosimeter, which is equivalent to the pore radius ranging between approx. 10.0 and 3.8·10 -3 μm. The cation exchange capacity (CEC) was determined with the ammonium acetate method [23] .
The pH value for the zeolite suspension in water (1:10) was measured using a pH-meter with a glass electrode.
The Sorption Experiment
The sorption capacities of the natural and synthetic zeolites for the Cu(II) ions were determined with the batch method under static conditions, contacting the solid phase (m): the Cu(II) ion solution (v) from chloride (CuCl 2 ·2H 2 O) and sulphate (CuSO 4 ·5H 2 O) solution at pH 5.0 and 3.0. The pH was ≤ 5 due to the Cu(OH) 2 precipitation at a higher pH level.
The initial Cu(II) ion solution was prepared with stock solutions containing 1,000 and 5,000 mg·L -1 of the Cu(II) ions. The working concentrations in the ranges of 0.1 mg·L -5,000 mg·L -1 were prepared through the serial dilution.
The zeolite doses were 10 g·L -1 and 5 g·L -1 (m:v = 1:100 and 1:200, respectively). The shaking time was 24 h. Afterward the solution was separated from the solid phase during a 20-minute centrifugation process (4,000 rpm). All the sorption samples were studied three times and the mean values are given.
The Cu(II) ion concentrations in the initial (C 0 ) and equilibrium (C eq ) solutions were determined with the atomic absorption spectrometer (GBC spectrometer, Avanta model). The pH values were measured in all the equilibrium solutions with a pH-meter equipped with a glass electrode.
The Cu(II) content (q) adsorbed onto the zeolites and the percentage removal of the Cu(II) ions from the solution (R) were calculated with the following formulas:
...where: q is the amount of the Cu(II) ions adsorbed onto zeolites (mg·g ), m is the sorbent mass (g) and V is the solution volume (L).
The obtained results allowed the determination of the sorption isotherms in the system of q=f(C eq ), and Cu(II) removal curves in the system of R=f(C 0 ).
Sorption Isotherms
The equilibrium uptake data were processed for fitting to three non-linear two-parameter isotherms: -Freundlich -commonly used to describe the adsorption characteristics for the heterogeneous surface [24] -Langmuir -valid for the monolayer adsorption onto a surface containing a finite number of identical sites; the model assumes uniform energies of the adsorption onto the surface and no transmigration of the adsorbate in the surface plane [25] -Dubinin-Radushkevich -generally applied to express the adsorption mechanism with a Gaussian energy distribution onto a heterogeneous surface [26] ; the model is usually used to distinguish between the physical (E<8 kJ·mol -1 ) and chemical adsorptions (8<E<16 kJ·mol -1 ). The adsorption parameters were determined by transforming the equations into the linear form (linear regression method).
The isotherms and their linearized forms were given in Table 1 .
The Release Susceptibility of the Zeolite-Adsorbed Cu(II) Ions
To determine the strength of the Cu(II) ions-zeolite bonds, the BCR sequential chemical extraction method was used. It is a four-stage procedure established by the European Community Bureau of Reference. It enables the identification of the metal fractions which are bound on the positions of the exchangeable minerals (fraction I), bound to the amorphous Fe and Mn oxides (fraction II), bound to organic matter and sulphides (fraction III), and bound in the mineral structures (fraction IV) [27] [28] [29] .
For sorbents, which are practically monomineral, the method helps to determine the susceptibility to the release of the adsorbed metals. It is done through establishing metal fractions in the mobile form (i.e. in the exchangeable sites of the sorption complex that are physically adsorbed; fraction I), in the mobilized form (fractions II and III) and in the forms permanently bound to the zeolite structures (fraction IV). 
Results and Discussion
Characteristics of the Investigated Zeolites
The scanning electron microscopy (SEM) method allows obtaining more data on the size and morphology of crystallites and their clusters. The SEM images of the studied zeolites are presented in Fig. 1 . Clinoptilolite occurs as 4 µm aggregates with a lamellar and acicular form.
The Na-P1 zeolite forms scaly clusters, whereas the Na-X zeolite forms isomeric crystals (2-3 µm).
The mineral compositions of the zeolite materials are shown in Fig. 2 . Except for the zeolite phases, the unreacted mineral phases of fly ashes (such as mullite, quartz, and aluminosilicate glass) were found in the products of the synthesis reaction. Moreover slight amounts of Opal-CT, quartz, potassic feldspars, and mica were discovered in the mineral composition of the clinoptilolite material.
The chemical composition depended on the zeolite structure ( Table 2 ). The analysis gives the molar Si/Al ratios of 1.17 for Na-X and 1.34 for Na-P1. The values were lower than the ratio calculated for clinoptilolite (4.79).
The physicochemical properties of the zeolite samples are given in Table 3 ). The Na-X zeolite had a large number of approx. 4.34-µm pores. For clinoptilolite, there was a large number of the approx. 7.7 µm pores.
The cation exchange capacity (CEC) of zeolites depended on the Si/Al ratio framework. It decreased with the increasing Si/Al ratio ( Table 3) .
The natural and synthetic zeolites differed in acidity expressed with the equilibrium pH values. These values show that the precipitation of the copper hydroxide is more likely on the synthetic zeolites than on the natural ones [19] .
The Effect of the Experimental Conditions on the Sorption Processes
The Initial Concentration Effect
The sorption of the Cu(II) ions from the chloride solution (pH=5.0) onto clinoptilolite, Na-P1, and Na-X was seen , and m:v ratio=1:100. The results show that the uptake of the Cu(II) ions increased with the rising solution concentration and depended on the zeolite type (Fig. 3) . The affinity of the Cu(II) ions for synthetic zeolites was much higher than for clinoptilolite.
For the maximum initial Cu ions concentration (5,000 mg·L -1 ), the sorption capacity of the synthetic Na-P1 and Na-X zeolites was 256 mg·g -1 and 141 mg·g -1 , respectively. It was 10.6 and 6 times higher, respectively, than the clinoptilolite sorption capacity (24 mg·g -1 ; Fig. 3a) . It was also observed that Na-P1 and Na-X bound the Cu ions above their CEC. The percentage removal of the Cu(II) ions by natural and synthetic zeolites also differed significantly, which indicates various mechanisms of the Cu(II) ion bonding. The Cu(II) removal by clinoptilolite decreased with the rising initial concentration (from 99.8% to 4.75%). Interestingly, when the initial concentrations were 0.1-25 mg·L -1 , the Cu(II) ions were removed at a stable level (99.9%) (Fig. 3b) . In the presence of Na-X and Na-P1, the Cu(II) ions were removed at this level when the initial Cu(II) ion concentration was 1,000 mg·L -1 and 500 mg·L -1 , respectively. When the initial ion concentration rose to 5,000 mg·L -1 , the removal percentage decreased to 51.82% and 28.54%, respectively. The pH values in the equilibrium solutions after sorption (Co =1,000 and 500 mg·L -1 ) were much higher for Na-P1 and Na-X than for clinoptilolite. They were 10.65-7.95 and 10.47-7.13 (Fig.  3c) , the pH values changed in the ranges of 6.58-4.67 and 5.23-4.37, respectively. Importantly, there was no evidence of the Cu precipitation. For clinoptilolite, the pH values in the equilibrium solutions were 7.86-4.24, which indicates the bonding of ions mainly in the ion exchange reaction. The analysis of the pHEh diagrams for Cu-O-H shows that the Cu(II) ions can occur in the solutions whose pH that can reach 6.5-7.0 [30] . The buffer capacity and acidity of the studied zeolites depended on CEC.
The low correlation between the Cu(II) ion uptake and amount of exchangeable cations in the zeolites released into the solution during sorption shows that the precipitation of Cu hydroxides played a basic role in the bonding of the Cu(II) ions onto synthetic zeolites (initial Cu(II) concentration=up to 1,000 mg·L -1 ). Such a situation resulted from the high pH value in the equilibrium solutions. For the high initial Cu(II) concentration range, the ion exchange was the main bonding mechanism.
Moreover, the sorption capacities of the synthetic zeolites for the Cu(II) ions were much higher than those of clinoptilolite (up to 10 times). The finding was in accordance with the fact that the synthetic zeolites had higher CEC resulting from their lower Si:Al ratio ( Table 1 ). The structure of zeolites (specific surface area, porosity, and average pore diameter) also had a huge impact on the number of the bound Cu(II) ions. The hydrated radius of the Cu cation is 4.19 Å. This shows that not all the channels were available for the Cu(II) ions. The crystal structure of clinoptilolite (heulandite type) exhibits three types of structural channels confined by the tetrahedral ring systems. The channels confined by 10-(3.0A×7.6Å) and eight-member rings of tetrahedra (3.3A×4.6Å) penetrating the framework from the (0 0 1) direction, intersected by channels confined by eight-membered rings of tetrahedra (2.6A×4.7Å) from the (1 0 0)-plane [31] . The crystal structure of the Na-P1 zeolite (gismondine type) presents two connected main channels penetrating the framework from the (1 0 0) direction (3.1A×4.5Å) and from the (0 1 0) direction (2.8A×4.8Å). These channels are delimited by eight-member rings of tetrahedra [31] .
The microporous crystal solid of the Na-X zeolite (faujasite type) has a well-defined three-dimensional silica-alumina structure and the extra-framework exchangeable sodium cation, located in the super cage and double hexagonal rings of the framework [32, 33] . Its unit cell consists of eight supercages, eight sodalite cages and 16 hexagonal prisms. The supercages have a diameter of 13 A, which is accessible through the 12-member ring windows (7.4 Å diameter) arranged tetrahedrally around the supercage [34] .
Anion Type and pH Value Effects
In order to determine the influence of anion type on the uptake of the Cu(II) ions onto zeolites, the Cu(II) ion sorption from the sulphate solution was studied. The conditions were the same as for the chloride solution (i.e. pH=5.0 and 3.0; initial Cu concentration range=0.1-5,000 mg·L -1 ; m:v ratio=1:100). Afterward both sorption types were compared (Fig. 4) .
The Cu(II) ion sorption on zeolites from sulphate solutions (pH=5.0) show that the anion type had little influence on the sorption capacities of the synthetic zeolites. For the Cu(II) ions, the increase in the sorption capacity of the synthetic zeolites ranged between 1% (Na-X) and 3% (Na-P1). For clinoptilolite, the anion type had a bigger influence on Cu(II) ion sorption. The maximum sorption capacity of clinoptilolite for the Cu(II) ions from the sulphate solution increased by 20.4% (28.9 mg·g -1 ). Moreover, clinoptilolite bound a bigger number of the Cu(II) ions from more acidic solutions (pH=3.0) in the presence of sulphate ions. When the concentration was 5,000 mg·L -1 , the increase in the clinoptilolite sorption capacity was 40%. For the synthetic zeolites, the anion-type influence on the sorption capacities was slighter. The maximum Na-P1 sorption capacity increased by 10% (from 193 mg·g -1 to 213 mg·g -1 ). The Na-X sorption capacity did not change at all (Fig. 4) .
The conducted research also helped to determine the influence of the initial concentration pH on the zeolite sorption capacities. The solution pH did not have any impact on the initial Cu(II) concentrations when the values were up to 50 mg·L -1 (clinoptilolite) and 500 mg·L -1 (synthetic zeolites). Above these levels, the sorption of the Cu(II) ions from the more acidic solutions (pH=3.0) was lower than from the less acidic ones (pH=5.0). It depended on both the anion and zeolite types. ) in the presence of chloride ions.
The changes in the sorption capacities of the synthetic zeolites were slighter: -Na-P1 -the sorption capacity decreased by 19.3%
(from 264 to 213 mg·g -1 ) in the presence of the sulphate ions and by 24.6% (from 256 to 193 mg·g -1 ) in the presence of the chloride ions -Na-X -the sorption capacity was lower by 22% (from 140 to 110 mg·g -1 ) regardless of the anion type (Fig. 4) . The obtained results show that the synthetic zeolites make effective sorbents of the Cu(II) ions, also from acidic solutions. Furthermore, Balintova [35] showed that the natural zeolites were highly efficient in removing the Cu(II) ions from acidic solutions. The finding was confirmed in this study only for the low concentrations of the Cu(II) ions (initial solution = up to 5 mg·L The results demonstrate that Na-P1 had a higher affinity for metal ions than other zeolites.
The Cu(II) ion removal occurred in two processes, i.e. the ion exchange with the Na + ions and adsorption/precipitation. The Cu(II) ions moved through the zeolite pores and channels and were exchanged with the Na + ions. ). When the zeolite dose was lowered in the same solution volume, the sorption capacity of the zeolite increased in accordance with formula 1. For clinoptilolite, when the sorbent dose was twice as low, the sorption capacity increased by 1.2-1.73 (100 mg·L -1 concentration) and by 1.36-2.0 (5,000 mg·L -1 concentration). For the synthetic zeolites, when the sorbent dose was twice as low, the sorption capacity doubled (100 mg·L -1 initial concentration) or increased by 7-12% (5,000 mg·L -1 concentration). When the sorbent dose was lowered, the removal percentage decreased.
The Zeolite Dose Effect
When transforming Eq. 1 and substituting it in Eq. 2, the dependence of is obtained. This indicates that the removal percentage is proportional to the sorbent mass.
The obtained results confirmed the correlation (Table  4) . Both the sorption capacity and the effectiveness of the pollutant removal should be taken into consideration when the sorption process is optimized and the sorbent dose is determined.
Sorption Isotherms
The sorption data were fitted to the Freundlich, Langmuir, and Dubinin-Radushkevich equations and were shown in Fig. 5 . The estimated values of the parameters in the isotherm equations and the determination coefficient (showing the adjustment of the sorption data to the isotherm equations) are given in Table 5 .
All the isotherms demonstrated the same trends in the changes of the parameter values. The determination coefficient value (R 
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Kyzioł-Komosińska J., et al. relation for the data. It also demonstrates that the sorption data of the Cu(II) ions onto zeolites are well-described with the Langmuir and Dubinin-Radushkevich isotherms. The Freundlich isotherm (R 2 was 0.7542-0.9209) describes the process less favorably.
The 1/n values calculated from the Freundlich isotherm were 0-1, which states that the sorption of the Cu(II) ions onto zeolites was favourable. The 1/n and K F (Freundlich isotherm) and q L and K L (Langmuir isotherm) constants increased with pH, which indicates that the sorption was more favourable and the sorption capacity and intensity were enhanced at a higher pH. The E value (DubininRadushkevich equation) was above 8 kJ·mol -1 , which points to the ion exchange process. Nonetheless, for all the Cu(II) ions-zeolite systems, the estimated q L parameter was lower than the maximum sorption capacity determined experiSorption Capacities of Natural... 1119 (Table 5) . Moreover, the experimental points in the plot of logq vs logC eq , C eq /q vs C eq and q vs. ε 2 showed the data were grouped in the two initial concentration ranges (I and II), where the sorption of the Cu(II) ions onto zeolites had a similar mechanism (Fig. 5) . The concentration ranges depended on the zeolite type: -Clinoptilolite -0.1-25 mg·L -1 for range I, and 50-5,000 mg·L -1 for range II -Na-P1 -0.1-1,000 mg·L -1 for range I, and 2,000-5,000 mg·L -1 for range II -Na-X -0.1-500 mg·L -1 for range I, and 750-5,000 mg·L -1 for range II When analyzing the sorption conditions, it was observed that the ranges were determined by zeolite acidity, which was shown by the equilibrium pH. For clinoptilolite, it was 7.86-6.85 (range I) and 6.69-4.24 (range II). For Na-P1 and Na-X, the pH was 10.65-7.75 and 10.47-7.13 (range I), respectively. The values for range II were below 7, i.e. 6.58-4.67 (Na-P1) and 6.48-4.37 (Na-X).
For the sorption data in both initial concentration ranges, the parameters in three isotherms and determination coefficient were determined. The information is presented in Table 5 .
The Cu(II) ion sorption on clinoptilolite was welldescribed with the Freundlich and Dubinin-Radushkevich equations in range I (low initial concentration range). This could not be described with the Langmuir equation. All the equations were useful for describing the Cu(II) ion sorption at higher concentration levels. The 1/n parameter value for both concentration ranges ˂1 indicates a favourable sorption. The E parameter (DubininRadushkevich equation) ranged between 10.78 and 11.32 kJ·mol -1 , which shows the sorption had an ion-exchange character at a low concentration range. For range II, the E parameter was 8.31-8.71 kJ·mol -1 , which points to the physical sorption.
The Freundlich and Dubinin-Radushkevich equations described well the Cu(II) ion sorption onto the synthetic zeolites in range I. The isotherm models that take into account certain heterogeneity seem to have an advantage over the Langmuir isotherm [34] . The estimated 1/n value was above 1 and indicated the cooperative sorption. The Cu(II) ion sorption cannot be described with the Langmuir equation. The E parameter was 8.28-8.71 kJ·mol -1 (physical sorption). For range II, the Langmuir and DubininRadushkevich equations were the most appropriate to describe sorption (R 2 >0.99). The maximum capacity of the q L monolayer was higher than the maximum experimental sorption (q m ). The E parameter value was 13.87-20.58 kJ·mol -1 and pointed to the ion exchange.
The Bonding of Cu(II) Ions by the Investigated Zeolites
The sequential extraction results confirmed different bonding mechanisms of the Cu(II) ions by clinoptilolite and synthetic zeolites. They also pointed to the presence of the exchangeable sites in the zeolites. The sites differed in their positions and coordination number of the oxygen atoms. Clinoptilolite bound the ions mainly in the fraction II (adsorbed Cu(II) ions released in the reaction with hydroxylammonium chloride, pH=3.5), at the level of 77%. Approx. 20% of the adsorbed ions occurred in the exchangeable sites (fraction I). The researchers did not observe a significant influence of the initial Cu(II) ion concentration on their release susceptibility.
The release susceptibility of the Cu(II) ions absorbed onto the synthetic zeolites largely depended on the initial concentration of the Cu(II) ions in the solution and did not depend on the zeolite type. When the initial concentration was 100 mg·L -1 , the Cu(II) ions were bound by Na-P1 and Na-X on the exchangeable positions (fraction I) at levels of 49.2%, 52.4% and 23.8%, 22.6% in fraction II, respectively. Importantly, the Cu(II) ion content was very high in fraction IV (23.17% and 22.59%). The increase in the initial concentration of the Cu(II) ions to 2,000 mg·L -1 resulted in the increase of ions in the ion-exchange bonds to 67.7% and 72.8%. The ion number decreased in the immobilized bonds (fraction IV) to 8.08% and 3.5% of the adsorbed amount (Fig. 6 ).
Conclusions
The research shows that synthetic zeolites have very good sorption capacities for the Cu(II) ions, both at low and high concentration levels. Consequently, they should be taken into consideration as effective and economical sorbents for water and wastewater treatment. They can also be used for acidic water and wastewater. The affinity of the Cu(II) ions for the synthetic zeolites was much higher than for the natural clinoptilolite. The maximum sorption capacity of the synthetic zeolites was 256 mg·g -1 (Na-P1) and 141 mg/g (Na-X). It was 10.6 and 6 times higher, respectively, than the clinoptilolite sorption capacity (24 mg·g The removal of the Cu(II) ions occurred in the two main processes, i.e. the ion exchange with the Na + ions and adsorption/precipitation. It depended on the initial concentration of the Cu(II) ions in the solution, which was corroborated with the sequential extraction results.
The Freundlich and Dubinin-Radushkevich equations provided the best description of the sorption for the Cu(II) ions onto the synthetic zeolites, when the initial Cu(II) ion concentration was 500-1,000 mg·L -1 . On the other hand, the Langmuir and Dubinin-Radushkevich isotherms described the sorption most properly when the concentrations were above 1,000 mg·L -1 . The E parameter value (DubininRadushkevich Eq.) indicated the physical sorption and ion exchange, respectively. I  II  III  IV   100  2000  2000  2000   100  90  80  70  60  50  40  30  20  10  0 [%]
